Spatial ordering in InP/InGaP nanostructures by Bortoleto, JRR et al.
Spatial ordering in InP/InGaP nanostructures
J. R. R. Bortoleto, H. R. Gutiérrez, M. A. Cotta, J. Bettini, L. P. Cardoso, and M. M. G. de Carvalho 
 
Citation: Applied Physics Letters 82, 3523 (2003); doi: 10.1063/1.1572553 
View online: http://dx.doi.org/10.1063/1.1572553 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/82/20?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Highly polarized self-assembled chains of single layer InP/(In,Ga)P quantum dots 
Appl. Phys. Lett. 97, 253113 (2010); 10.1063/1.3529467 
 
Shape dependent carrier dynamics in InAs/GaAs nanostructures 
J. Appl. Phys. 106, 113522 (2009); 10.1063/1.3267851 
 
Self-assembled chains of single layer InP/(In,Ga)P quantum dots on GaAs (001) 
J. Appl. Phys. 105, 124308 (2009); 10.1063/1.3154023 
 
Wavelength controlled multilayer-stacked linear InAs quantum dot arrays on InGaAsP/InP (100) by self-
organized anisotropic strain engineering: A self-ordered quantum dot crystal 
Appl. Phys. Lett. 93, 131906 (2008); 10.1063/1.2993178 
 
Strain and band edges in single and coupled cylindrical InAs/GaAs and InP/InGaP self-assembled quantum dots 
J. Appl. Phys. 92, 5819 (2002); 10.1063/1.1510167 
 
 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
143.106.190.134 On: Thu, 31 Jul 2014 14:21:11
APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 20 19 MAY 2003
 This aSpatial ordering in InP ÕInGaP nanostructures
J. R. R. Bortoleto,a) H. R. Gutiérrez, M. A. Cotta, J. Bettini, L. P. Cardoso,
and M. M. G. de Carvalho
Instituto de Fı´sica Gleb Wataghin, DFA, UNICAMP, CP 6165, 13081-970 Campinas-SP, Brazil
~Received 6 December 2002; accepted 17 March 2003!
We report the observation of a spatially-ordered bidimensional array of self-assembled InP quantum
dots grown on slightly In-rich InGaP layers. The alignment of InP dots is observed along@100# and
@010# directions. This effect is enhanced when 2° off vicinal substrates are used; it is also strongly
dependent on growth temperature. Our results suggest that the density and size of CuPt-type
atomically ordered regions as well as compositional modulation of InGaP layers play an important




















































edIn multilayers of self-assembled quantum dots, both t
oretical and experimental works1–5 have shown that the
vertical-strain-field transmission can lead to gradual i
provement in size homogeneity and lateral ordering. Thi
the case of stacking in IV–VI materials, for which the elas
anisotropy may originate a highly ordered three-dimensio
~3D! array of dots.4,5 However, for SiGe/Si or III–V dot
superlattices, the aligment is mainly along the growth dir
tion, and the lateral ordering is much less pronounced.2–5 In
approaches for a single layer of dots,6–11 some researcher
have used a thin, tensile-strained interlayer10 or the strain
field of misfit dislocations10,11 to promote lateral ordering o
III–V semiconductor quantum dots. Both techniques c
provide a surface with gridded trenches where the isla
nucleate preferentially.
In this letter, we report the spontaneous formation o
bidimensional array of self-organized InP/InGaP dots
slightly In-rich InGaP layers. Our results show that the str
in the InGaP layer is a necessary, but not sufficient, condi
to spatial dot alignment tendency. The formation of pref
ential sites for 3D island nucleation is related to the den
and size of CuPt-type atomically ordered regions and
compositional modulation, both observed in the InGaP bu
layer of our samples. Spatial ordering of InP dots depend
the size compatibility between dot radius and preferen
surface regions for dot nucleation; this can be tuned
choosing the correct growth parameters.
The samples were grown by chemical-beam epitaxy
semi-insulating~001! GaAs substrates. Both nominally or
ented and misoriented (2° off towards^111&A, A-surface
hereafter! substrates were used. Trimethylindium and trie
ylgallium, with H2 as a carrier gas, were used as group
sources. Thermally cracked AsH3 and PH3 were used as
group-V sources. The substrate native oxide was remove
heating the sample at 600 °C under AsH3 overpressure. Fo
all samples presented here, a 300-nm GaAs buffer laye
550 °C and growth rate of 0.72mm/h, followed by a InGaP
layer ~thickness ranging from 10 nm to 450 nm! at a rate of
0.95 mm/h were grown. The growth temperatures for t
InGaP layer were 540 and 550 °C. Subsequently, four mo
a!Electronic mail: jrborto@ifi.unicamp.br3520003-6951/2003/82(20)/3523/3/$20.00

























layers~MLs! of InP were deposited at 540 °C and 0.2 ML/
Surface morphology was investigated by atomic force m
croscopy~AFM!, operating in noncontact mode with conic
silicon tips. Fourier transform~FT! of the AFM images was
used to characterize the lateral ordering of InP dots. T
lattice mismatch (Da/a) of InGaP layers was obtained from
~004! rocking curves using double-crystal x-ray diffractom
etry ~XRD!. During the growth process the reflection hig
energy electron diffraction~RHEED! pattern was monitored
the InGaP surface shows a (231) reconstruction for all
samples. The 77-K photoluminescence~PL! peak energy of
the InGaP layer, excited with the 514.5-nm line of an Ar1
laser, was used to determine the degree of CuPt orderin
these samples. Cross-section transmission electron mic
copy ~XTEM! and transmission electron diffraction~TED!
images were obtained using a JEM 3010 URP 300-kV TE
TED images were used as complementary tool to obse
CuPt ordering in InGaP layers.
Table I presents the growth conditions and InGaP la
properties for each sample. For this set of samples, part
ordered InGaP layers are grown. InGaP layers grown
~001! GaAs usually show the CuPtB ordering, which consists
of alternating In-rich and Ga-rich planes along@ 1̄11# and
@11̄1# directions.12–15 The degree of CuPtB ordering in
lattice-matched InGaP films was characterized using
equation14 h5A(PL02PLpeak)/0.471, where the PL peak o
completely disordered InGaP alloys was assumed to be0
51.992 eV. This value agrees with previous work
TABLE I. Growth temperature (T), V/III ratio, strained mismatch (Da/a),
rms roughness calculated from 2-mm32-mm AFM scans and PL peak en
ergy for InGaP layers grown on nominal substrates. V/III ratio variation w
obtained by changing the PH3 flux only; all InGaP layers shown here ar
450 nm thick. Run-to-run fluctuations in the InGaP composition provid








1 540 17 ,0.01 0.905 1.948
2 540 17 0.40 0.295 1.931
3 550 17 ,0.05 0.363 1.967
4 550 17 0.60 0.165 1.929
5 550 32 ,0.01 0.585 1.958
6 550 32 0.66 0.334 1.9133 © 2003 American Institute of Physics
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 This a ub to IP:DeLonget al.15 The less atomically ordered sample studi
in our case, which still shows extra$1/2,1/2,1/2% spots
in TED pattern, presents a PL peak;1.967 eV. In this way,
the ordered phase volume corresponds to 20–30% of
grown material for the growth conditions used here. On
other hand, dark-field measurements (g522̄0) of the InGaP
buffer layers show periodic dark/bright contrast th
have usually been attributed in literature to compositio
modulation.16–19
Figure 1~a! shows a typical AFM image of InP dot
grown on a GaAs lattice-matched InGaP layer~sample 1!.
No clear alignment of the dots can be observed. Howeve
bidimensional self-organized array of dots is clearly o
served in Fig. 1~b! ~sample 4!. The array of dots is roughly
aligned at@010# and @100# directions. This spatial arrange
ment occurs homogeneously on the whole sample sur
and is more clearly observed for samples grown under
same conditions on A-surfaces@ hown in Fig. 1~c!#. The In-
GaP layer for sample 4 is slightly In-rich, approximate
0.6% mismatched, and was grown at 550 °C. No spatial
ganization was observed for InP dots grown on latti
matched InGaP layers at 550 °C, either on nominal or vici
substrates. The dot density is around 1.631010 cm22 for all
our samples.
Since InP layer growth conditions were the same for
whole sample set, the kinetic effects could be dismissed
the main cause for the bidimensional array of dots obser
in sample 4. In Fig. 2, we present the FTs for 3-mm
33-mm AFM images of the samples listed in Table I. W
can see that both V/III ratio and growth temperature for
InGaP buffer layer strongly influence the lateral ordering t
dency of InP dots. Figure 2 also shows that the strain
InGaP layer is a necessary condition to a clear spatial
alignment tendency. Thus the dot nucleation must be rela
to strain field relaxation in the InGaP layer, either cohere9
or incoherently.10 In our case, the InGaP layer thickness a
mismatch are below the critical value for misfit dislocati
FIG. 1. AFM images showing the spatial distribution of InP/InGaP dots
~a! sample 1 grown on nominal substrate, sample 4 grown on~b! ominal
and ~c! A-surface GaAs substrates. The dots in sample 1 were grown
lattice-matched InGaP layer, while for sample 4 the InGaP was 0.60%
matched to the GaAs. The gray scale in the images means the projecti
the local surface normal onto the growth plane. Darker regions corresp
to steeper facets.





















formation;20 therefore, still within ideally strained epilaye
range. Moreover,̂110& and @010# cross-sectional dark-field
measurements~not shown! indicate that our samples are di
location free. Therefore, a likely explanation for the spat
InP dot arrangement is a lateral modulation of the strain fi
associated to the slightly mismatched InGaP layer. From
2 we can see that this strain-field modulation can be obtai
for a narrow range of growth conditions.
AFM images in Fig. 3 show morphologies of InGaP la
ers grown simultaneously on nominal@Fig. 3~a!# and
A-surface @Fig. 3~b!# GaAs substrates. In this case, th
growth parameters were similar to those for sample 4, wh
the dots are spatially well organized. The InGaP layer gro
on the nominal substrate shows a smooth surface typica
InGaP growth, where faint alignment of the terraces but
trenches can be observed. The height profile of the das
line indicates that only steps up to 0.6 nm form on the s
face. Figure 3~b!, however, shows a more striking surfac
structure. A bidimensional surface corrugation~up to 1 nm
high! is present on the top of the InGaP layer. The period
the corrugation (;60– 70 nm) is essentially the same as t
island size for the sample with InP dots. It is important
point out that InP dot spatial alignment was observed
both InGaP surfaces shown in Fig. 3, although this effect w





FIG. 2. FT power spectrum of 3-mm33-mm AFM scans for samples listed
in Table I: ~a! to ~f! refer to samples 1 to 6, respectively.
FIG. 3. AFM images of 450-nm-thick InGaP surfaces grown simultaneou
on ~a! nominal and~b! A-surface GaAs substrates at conditions that prom
alignment of InP dots~sample 4!.
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 This astepped surface can enhance InP dot spatial organiza
suggesting that surface effects are important to determine
strain-field modulation.
The origin of the InP dot arrangement in our samp
may be related to the interaction of the strain field in t
InGaP layer with two other phenomena, CuPtB ordering
and/or compositional modulation both strongly dependen
surface configuration. Several works point out that
growth conditions influence the CuPtB order by changing the
concentration of @11̄0# P dimers on the reconstructe
surface.12,13 Also, it has been proposed that CuPtB InGaP
layers present an In-rich surface.12 The surface corrugation
shown in Fig. 3~b! could thus be due to In-rich plateau
formed by surface segregation that occurs with surface
construction. These results suggest that the corrugated
tern on A-surface and spontaneous formation of InP dot
rays can originate from an interplay between the strain fi
in the layer and the arrangement of ordered regions wi
the InGaP volume. Indeed, a minimum InGaP thickn
~larger than 30 nm! is necessary to align the InP dots grow
at 550 °C. This can be understood either as a minimum st
field and/or a minimum ordered region size necessary to
ate the bidimensional surface modulation. Moreover, the
compatibility of atomically-ordered regions and InP do
should likely vary with the degree of CuPtB order in the
InGaP layer, which determines the size of In-rich plateau
Compositional modulation could also trigger a period
strain field and consequently preferential sites for dot nu
ation. However, the correlation between compositio
modulation and surface morphology is not well establish
experimentally in literature.16–18 It has been proposed that
strongly depends on the growth conditions,19 which deter-
mine stable~smooth surfaces! and unstable~corrugated sur-
faces! growth modes. In our case, XTEM dark-field measu
ments with g522̄0 show dark and bright regions. Fo
samples with a low-degree of InP dot spatial organizat
~i.e., sample 1! the dark/bright regions are randomly distri
uted and no periodic contrast can be clearly established
the other hand, for samples with a clear spatial arrangem
of dots ~sample 4!, the dark/bright regions are larger an
periodically distributed along thê110& directions, with a
wavelength in the range of 40–70 nm, closer to the m
distance in between dots~70 nm!. A detailed study of TEM
measurements will be published elsewhere. However, c
bidimensional dot arrangements were obtained when InP
grown on smooth InGaP buffer layers~rms roughness
,0.2 nm). Thus, if compositional modulation occurred, t
growth mode should provide stable, smooth surfaces,
those observed for all InGaP thicknesses used here.
In summary, we observe the formation of a spontane





























on slightly In-rich InGaP layers. Our results show that t
strain in the InGaP layer is not the only condition to spat
dot alignment tendency, since it strongly depends on gro
temperature and V/III ratio. This alignment is enhanced
A-surface substrates. Size compatibility between the InP d
and preferential regions for dot nucleation created by ato
ordering and/or compositional modulation of InGaP laye
could explain this bidimensional InP dot arrangement. Fr
the technological point of view, the tuning of ternary buff
layer growth conditions is an alternative path to obta
highly organized two-dimensional quantum-dot arrays.
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